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edge  514.5  nm  excitation  increase^  by  about  an  order  of  magnitude,  reaching 
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50-100%  of  the  20*C  501.7  run  photocurrent.  Undoped  CdS  exhibits  a  similar 
photocurrent-temperature  profile .  Higher  temperatures  thus  extend  the 
wavelength  response  of  CdS-  and  CdS :Te -based  PEC's.  In  contrast  to  the 
increase  in  photocurrent,  emissive  efficiency  (quantum  yield  of  CdS:Te 

drops  by  a  factor  of (^.0-20  over  the  same  temperature  range;  ms  decline  is 
relatively  insensitive  to  potential  and  excitation  wavelength  (501.7  or 
514.5  nm)  .^Little  change  in  the  spectral  distribution  of  emission 
^maLK  ^OoTmO  is  observed  with  temperature .  A  dependence  of  emission 

intensity  on  potential  is  observed  for  the  first  time  with  514.5  nm  excitation 
in  the  high  temperature  regime.  These  results  are  interpreted  in  terms  of 
band  bending,  optical  penetration  depth,  the  known  red-shift  of  the  CdS 
bandgap  edge  with  temperature ,  and  the  competitive  nature  of  emission  and 
photocurrent .  Relationships  among  <t>x»  4>r »  and  b  /4>r  (out-of-circuit  to 

in-circuit  emission  intensity)  are  discussed.  ° 
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Introduction 


He  recently  reported  that  n-type  tellurium-doped  CdS  (CdS :Te)  serves  as 
a  luminescent  photoelectrode  in  photoelectrochemical  cells  (PECs)  used  to 
convert  optical  energy  to  electricity.1  in  this  manner  CdS :Te  permits  determination 
of  the  effect  of  PEC  parameters  such  as  incident  excitation  wavelength,  electrolyte, 
and  potential  upon  the  various  deactivation  routes  of  the  semiconductor  electrode 
excited  state.  In  particular,  luminescence  is  a  probe  of  electron-hole  recombination 
processes  which  compete  with  electron-hole  separation  leading  to  photocurrent. 

In  the  course  of  our  studies,  we  noted  that  the  emission  intensity  and,  in 
some  instances,  the  photocurrent  of  CdS :Te -based  PECs  were  temperature  dependent. 

He  demonstrate  herein  that  temperature  may  be  used  to  significantly  modify  the 
relative  efficiencies  of  excited  state  deactivation  pathways  in  a  manner  which 
underscores  the  competitive  nature  of  luminescence  and  photocurrent.  In  addition, 
higher  temperatures  extend  the  wavelength  response  of  both  CdS-  and  CdS:Te-based 
PECs. 

Theory  * 

The  band  gap  of  undoped  CdS,  E  ,  is  ~2.4  eV  at  298°K. ^  Although  CdS:Te 

Bv* 

has  a  low  energy  tail  in  its  absorption  spectrum  which  masks  the  band  gap,  the 

4  -1 

highest  absorptivities  (>10  cm  )  occur  at  A  <  500  nm  in  both  undoped  CdS 
2  -6 

and  CdS:Te.  Ultraband  gap  wavelengths  are  therefore  taken  as  those  with 
A  <500  nm;  absorption  occurs  within  -O.l-ly  of  the  surface,  a  distance 
typically  corresponding  to  the  depletion  region.  This  zone  is  characterized 
by  maximum  band  bending  and  is  conducive  to  ready  separation  of  photogenerated 
electron-hole  (e  -h+)  pairs  leading  to  maximum  photocurrent. 
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Longer  excitation  wavelengths  penetrate  farther  into  the  crystal  and  the 
diminished  band  bending  favors  e  -h  recombination  at  the  expense  of  separation. 
Luminescent  CdS :  Te-based  PECs  exhibit  more  emission  and  less  photocurrent  with 
band  gap  edge  514.5  nm  than  with  ultraband  gap  501.7  nm  excitation,  for  example . ^ 
Figure  la  illustrates  the  interrelationship  of  penetration  depth  and 
band  bending  at  these  wavelengths.  The  dashed  line  represents  the  discrete 
states  involved  in  the  emissive  process  which  are  introduced  by  the  Te  dopant; 
holes  trapped  at  Te  sites  (Te  presumably  substitutes  for  S  in  the  lattice)  may 
coulombically  bind  an  electron  in  or  near  the  conduction  band  to  form  an 
exciton  whose  subsequent  radiative  collapse  leads  to  luminescence.3'6 

Our  chief  guide  for  predicting  thermal  effects  in  the  PEC  was  the  known 

optical  band  gap  temperature  coefficient,  dE__/dT,  for  undoped  CdS.  This 

BG 

—4  8 

coefficient  has  a  value  of  -5.2x10  eV/°K  between  90*  and  400DK.  To  the  extent 
that  CdS : Te  resembles  CdS,  this  relationship  predicts  that  the  band  gap  edge 
red  shifts  with  increasing  temperature;  at  a  sufficiently  high  temperature  514.5  nm 
will  become  an  ultraband  gap  wavelength  like  501.7  nm,  for  example.  Figures  lb 
and  c  illustrate  the  anticipated  effect  of  increased  temperature  on  the  band 
diagram  and  absorption  spectrum.  The  decline  of  E  with  increasing  temperature 
has  been  interpreted  as  arising  from  two  effects:  lattice  dilation  and  energy 
level  broadening  at  the  edges  of  the  band  gap  due  to  collisions  between  electrons 
and  phonons.0 

Implicit  in  the  comparison  of  Figures  la  and  b  is  the  relative  insensitivity 
of  the  depletion  region  width,  W,  to  temperature.  The  expression  for  H  is  given 
by  equation  (1)  where 

W  -  (2ee  V_/qN)1/2  (1) 

O  B 

N  is  the  charge  carrier  density  in  the  semiconductor,  q  is  the  electronic  charge, 
eQ  is  the  permittivity  of  free  space,  e  is  the  semiconductor  dielectric  constant 
and  VB  is  the  amount  of  band  bending  in  the  depletion  region.10 


For  a  given 
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electrolyte  we  do  not  expect  W  to  change  drastically  over  the  20-100°C  temperature 

range  investigated.  That  is,  we  are  assuming  variations  in  e,  N,  and  V  to  be 

small.  He  note  that  e  changes  by  less  than  15%  between  -196° and  25°C  for  undoped 

CdS11  and  that  donors  in  50  ppm  CdS :Te  are  >90%  ionized  at  room  temperature 

(Hall  measurements).^  The  maximum  value  of  V  is  controlled  by  the  relative 

B 

energies  of  the  semiconductor  Fermi  level  and  the  electrolyte  redox  potential 
E  edox'^*^  While  the  explicit  temperature  dependence  of  Vg  is  not  known  for  the 
electrolyte  employed,  our  results  jure  consistent  with  small  changes  in  V  and  W. 

D 

He  emphasize  that  these  are  assumptions,  however,  and  that  a  rigorous  analysis 
requires  knowledge  of  the  depletion  width.  With  this  in  mind,  we  will  treat 
Figure  1  as  am  approximation  whose  validity  can  be  qualitatively  probed  by  the 
PEC  of  Figure  2. 

The  PEC  consisted  of  am  n-type,  single  crystal,  100  ppm  OdS:Te  working 

electrode,  a  2.0  x  0.8  cm  Pt  foil  counterelectrode,  a  Ag  pseudoreference  electrode 

(PRE)  and  am  aqueous  polyselenide  electrolyte  of  approximate  composition  5M  OH  /0.1m 
2—  2- 

Se  /0.001M  Se2  .  Temperature  control  was  achieved  with  resistive  heating,  as 
sketched  in  Figure  2.  Emission  and  photocurrent  could  be  monitored  simultaneously 

by  placing  the  PEC  inside  am  emission  spectrometer  and  inclining  the  electrode  at 

1 

~45°  with  respect  to  both  the  Ar  ion  laser  excitation  beam  and  the  emission 

detection  optics;  the  laser  beam  was  expanded  and  masked  to  fill  the  electrode 

surface.  The  electrochemistry  occurring  corresponds  to  oxidation  of  polyselenide 

electrolyte  at  the  photoanode  amd  the  reduction  of  polyselenide  at  the  counter- 
12 

electrode.  No  net  change  occurs  in  the  electrolyte  under  these  conditions, 

thus  permitting  sustained  conversion  of  optical  energy  to  electricity  while 

12 

inhibiting  the  competitive  photoanodic  dissolution  process,  equation  (2) . 

CdS  — Cd+2  +  S  +  2e"  (2) 
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Polyselenide  electrolyte  is  also  an  advantageous  choice  because  of  its 

12 

relative  transparency  to  the  excitation  wavelengths  employed. 

Results  and  Discussion 
a.  Emissive  Properties 

While  Egg  **  j  Ecb~  E^l  is  expected  to  vary  inversely  with  temperature , 
the  temperature  dependence  of  the  CdS:Te  emission  spectrum  will  hinge  on  the 
relative  positions  of  E^,  E^  and  E^g*  We  and  others  have  found  that  at  77°K 
the  emission  maximum  blue-shifts  slightly  from  its  298 °K  ~600  nm  value;  the 

1  v  £ 

spectrum  also  sharpens  and  increases  in  intensity  dramatically.  '  As 

the  photoelectrode  in  a  PEC,  CdS:Te  shows  little  change  in  the  emitted  spectral 

distribution  (bandwidth  ~5  nm;  550-800  nm)  over  the  ~20°-100°C  temperature 

range  investigated  in  polyselenide  electrolyte.  A  few  samples  displayed  a  modest 

red  shift  of  A  (~10  nm)  and/or  more  of  a  low  energy  tail  at  the  high  temperature 
max 

extreme.  Typical  spectra  obtained  at  open  circuit  are  shown  in  Figure  3.  in 
agreement  with  our  earlier  studies,  the  emission  spectrum  is  independent  of 
whether  501.7  or  514.5  nm  excitation  is  used  and  independent  of  electrode  potential 
between  +0.7  V  vs  Ag  (PRE)  and  the  onset  of  cathodic  current,  changes  in 
potential  alter  the  degree  of  band  bending  in  an  n-type  semiconductor:  negative 
bias  diminishes  and  positive  bias  augments  band  bending. ^  if  the  Te  state 
energies  were  not  affected  by  potential  in  the  same  manner  as  the  conduction 
and  valence  bands,  we  would  expect  to  see  potential  dependent  spectral  distributions. 
This  not  being  the  case,  we  show  E^  bent  in  parallel  with  ECB  and  EyQ  in 


Figures  la,b 
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Another  noteworthy  feature  of  Figure  3  is  the  considerable  decline  in  cdS:Te 

emission  intensity  with  increasing  temperature.  The  effect  is  reversible; 

luminescence  reappears  with  reproducible  intensity  upon  cooling.  A  more  quantitative 

measure  of  this  effect  is  provided  by  Figure  4a  which  displays  the  open  circuit 

emission  intensity  monitored  at  X  (  600  run)  vs  temperature  for  both  excitation 

max 

wavelengths  in  polyselenide  electrolyte.  Earlier  studies  of  CdStTe  in  the 

absence  of  electrolyte  show  analogous  thermal  quenching;  plots  of  in  (^o  -].)  vs.  T  1 

ZT 

(Iq  is  the  maximum  emission  intensity  observed  at  low  temperature;  is  the 
emission  intensity  at  temperature  T)  yielded  straight  lines  over  the  range  of 
150°  <  T  <  300°K  and  activation  energies,  corresponding  to  the  exciton  binding 
energy,  of  ~0.2  eV.  '  The  radiative  efficiency  is  expected  to  decline  from 
its  maximum  value,  Iq,  with  increasing  temperature,  as  progressively  more  thermal 
energy  becomes  available  to  ionize  Te-bound  holes.  We  find  the  rates  of  decline 
in  emission  to  be  comparable  for  514.5  and  501.7  run  excitation.  Because  emission 
from  the  latter  is  generally  weaker, lb,d  the  data  in  Figure  4a  were  obtained 
with  501.7  run  excitation  of  ~6  times  the  514.5  nm  intensity  in  order  to  match 
incipient  luminescence  intensity  at  room  temperature.  Note  that  both  curves  fall 
by  a  factor  of  -10-20  over  the  75°  interval.  This  factor  is  comparable  to  literature 
data  obtained  in  the  absence  of  electrolyte  and  with  excitation  sources  consisting 
of  ultraband  gap  light3*3' 5 ,  electron  beams  4,  and  a  particles.13 

We  also  wished  to  determine  whether  the  decline  in  emission  intensity  with 
temperature  was  potential  dependent.  Figures  4b  and  c  present  emission- tenq>erature 
curves  for  equivalent  numbers  of  514.5  and  501.7  nm  photons,  respectively,  at 
three  potentials:  open  circuit,  0.0  V,  and  0.7  V  vs  Ag  (PRE) .  The  irradiated 
CdS:Te  electrode  emits  more  intensely  with  the  longer  excitation  wavelength 
so  that  "100"  on  Figure  4b  represents  -5  times  the  intensity  of  "100"  on  Figure  4c. 
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To  a  first  approximation  the  rate  of  decline  in  both  figures  is  independent  of 
potential.  This  is  seen  more  clearly  with  514.5  run  excitation  where  there  is 
very  little  dependence  of  emission  intensity  on  potential  until  high  temperatures 
are  reached  (vide  infra) .  However ,  even  with  the  more  potential  dependent 
emission  intensity  from  501.7  nm  excitation,  the  rates  of  decline  are  similar 
as  evidenced  by  the  parallel  shapes  of  the  three  curves.  As  a  unit, Figure  4 
indicates  that  the  decline  of  CdS:Te  emission  intensity  with  temperature  is 
relatively  insensitive  to  both  penetration  depth  (501.7  and  514.5  nm)  and 
potential  (+0.7  V  vs  Ag  to  the  onset  of  cathodic  current) . 

b.  iLV  curves  Simultaneous  measurement  of  current,  luminescence,  and  voltage 

(iLV  curves)  as  a  function  of  temperature  is  facilitated  by  the  cell  of  Figure  2. 

The  emission  intensity  is  conveniently  monitored  by  sitting  at  a  single  wavelength, 

generally  \  Our  previous  observations  regarding  iLV  curves  for  CdS:Te-based 

PECs  at  298°K  in  aqueous  (poly)chalcogenide  electrolytes  may  be  summarized  as 

follows:  for  ultraband  gap  wavelengths  (e.g.,  501.7  nm) ,  we  observe  high  quantum 

efficiencies  for  electron  flow,  4x,  and  potential  dependent  emissive  quantum 

efficiencies,  4>r;  in  general  4  and  4x  vary  inversely  as  a  function  of  potential. 

For  band  gap  edge  (e.g.,  514.5  nm)  excitation  we  observe  lower  values  of  4>x  and 

higher  values  of  4^;  however,  4^  is  largely  independent  of  potential.1 

The  ratio  of  open  circuit  to  in  circuit  emission  intensity,  4  /4__,  is  a 

o 

useful  expression  of  the  potential  dependence  with  the  in  circuit  value  taken  at 

a  potential  where  saturation  of  photocurrent  is  evident.  For  band  gap  edge 

excitation  4  /4  is  roughly  unity,  whereas  with  ultraband  gap  light  we  have 
ro 

observed  ratios  from  "1.2  to  as  high  as  15.  To  some  extent  4^  /4^  correlates 

o 

with  4x  which  is  invariably  low  (  <  0.1)  for  band  gap  edge  excitation.  Ultraband 
gap  light  often  gives  0.5  <  4x  <  1.0.  By  pulsing  the  electrode  between  potentials 


corresponding  to  open  circuit  and  maximum  photocurrent*  the  discrepancy  of 

$  /$  from  unity  is  visibly  apparent.  The  same  effect  may  be  observed  at  different 

ro  r 

potential  sweep  rates  including  point-by-point.  We  have  so  frequently  observed 

this  phenomenon  that  we  have  come  to  regard  it  as  jointly  diagnostic  of  ultraband 

gap  excitation  and  a  high  value  of  • 

The  prediction  afforded  by  Figure  1  is  that  increasing  the  temperature 

will  increase  $>x  for  514.5  nm  excitation.  Should  this  occur  we  would  also 

predict  that  <b  /4>  will  exceed  unity.  In  Figure  5a  we  present  plots  of  photocurrent 
o 

vs.  temperature  for  501.7  and  514.5  nm  excitation  (equal  photons/sec)  of  CdStTe 
in  aqueous  polyselenide  electrolyte.  The  photocurrent  at  the  former  wavelength 
increases  by  less  than  20%  over  the  thermal  excursion,  but  rises  by  a  factor 

of  -10  with  514.5  nm  excitation.  In  most  cases  this  increase  is  sufficient 
to  either  match  the  501.7  nm  photocurrent  or  produce  a  large  fraction  (  >50%) 
of  it.  Since  501.7  nm  photocursent  is  relatively  insensitive  to  temperature 
in  this  range  and  is  not  substantially  exceeded  with  shorter  wavelength 
excitation  (457.9  nm,  e.g.),  we  regard  it  as  a  saturation  photocurrent. 

Perhaps  not  surprisingly,  undoped  CdS  yields  a  similar  photocurrent-temperature 
plot.  Figure  5b.  Because  both  undoped  CdS  and  100  ppm  CdS:Te  have  about  the 
same  absorptivity  for  514.5  nm  light® ,  it  is  difficult  to  determine  what  role, 
if  any,  the  low  energy  absorption  tail  of  CdS:Te  plays  in  the  photocurrent-temperature 
profile.  Longer  excitation  wavelengths  should  be  helpful  in  resolving  this 
question.  We  can  say  that  the  rate  at  which  514.5  nm  photocurrent  approaches 
501.7  nm  photocurrent  in  Figure  5  is  in  qualitative  agreement  with  the  band  gap 
temperature  dependence  (vide  supra) .  This  calculation  is  made  by  noting  that 
the  two  wavelengths  differ  by  -0.061  eV,  predicting  a  temperature  range  of  -120° 
for  matching  penetration  depths  from  the  model  and  assumptions  described  above . 
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Full  iLV  curves  for  a  CdS:Te-based  PEC  employing  polyselenide  electrolyte 

are  presented  in  Figure  6.  Equivalent  intensities  (photons/sec)  of  501.7  and 

514.5  nm  excitation  were  used  at  both  room  temperature  and  elevated  temperature 

(49°C  for  501.7  nm;  86°C  for  514.5  nm) .  These  plots  succinctly  summarize  many 

of  the  properties  described  previously:  photocurrent  at  23 °C  is  ~18  times 

greater  for  501.7  nm  excitation  (A  vs.  B)  and  emission  intensity  at  open  circuit 

is  ~5  times  smaller  (A1  vs.  B').  The  value  of  $  /$  is  unity  for  514.5  nm  (B')and  3.5 

o 

for  501.7  nm  light  (A').  At  49°C  photocurrent  with  501.7  nm  excitation  only 

increased  by~15%  (c)  but  has  dramatically  increased  at  86°C  with  514.5  nm  light 

by  a  factor  of  almost  8  (0) .  Emission  intensity  has  dropped  by  more  than  a  factor 

of  2  with  501.7  nm  light  while  retaining  a  similar  value  of  $  /$  of  3.4  (C'); 

o 

for  the  first  time  and  despite  its  lower  absolute  intensity,  emission  from  514.5  nm 

excitation  has  resulted  in  a  nonunity  value  of  $  /$  =  1.27  (D*  -  note  10-fold 

o 

scale  expansion) .  We  visually  confirmed  the  discrepancy  from  unity  by  pulsing 
the  electrode  between  the  extreme  voltages  shown  on  curve  D*.  As  mentioned  above, 
this  phenomenon  is  characteristic  of  larger  values  of  .  All  of  the  aforementioned 
changes  were  reversible  simply  by  returning  to  the  lower  tenq?erature . 
c.  Energy  Conversion  Efficiency 

Another  feature  of  Figure  6  worth  noting  is  the  enhancement  of  optical  to 
electrical  energy  conversion  efficiency  at  higher  temperature  with  514.5  nm 
excitation.  The  efficiency,  is  given  by  equa.tion  (3).  Ev  is  the  output 


n 
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voltage;  extraction  of  this  value  from  i-V  curves  has  been  described. 


In  Table  I  we  present  a  summary  of  the  energy  conversion  parameters  for 

both  undoped  CdS-  and  CdS:Te-based  PECs  employing  polyselenide  electrolyte  and 

a  two  electrode  configuration  (photoanode  and  Pt  counterelectrode) .  The  great 

improvement  in  T)  with  temperature  for  514.5  nm  excitation  is  readily  traced  to  an 

increase  in  At  higher  temperatures  n  from  514.5  nm  excitation  begins  to  rival 

that  obtainable  with  501.7  nm  light  for  both  electrodes.  We  do  see  a  decline  in 

output  voltage  at  the  higher  temperatures}  in  general  the  i-V  curves  shift 

-50-200  mV  anodic  between  20°  and  100°C.  This  may  indicate,  as  noted  earlier, 

some  difference  in  the  relative  energetic  positions  of  the 

semiconductor  Fermi  level  and  E  .  with  temperature. 

redox 

While  the  enhanced  red  response  is  certainly  desirable  from  the  standpoint 

of  solar  energy  conversion,  we  also  wished  to  determine  the  extent  to  which  it 

could  be  sustained.  We  found  that  photocurrent  from  514.5  nm  excitation  of  CdS:Te  at 

78+5°C  declined  at  a  respectably  slow  rate  of  3%/hr  over  9  hrs  at  a  current 

2 

density  of  0.56  mA/cm  at  0.08  V  vs  Ag(PRE) .  The  emission  spectrum  was 
unaffected  but  for  its  25%  decline  in  intensity  over  this  period.  Neither  the 
optical  density  of  the  electrolyte  nor  its  redox  potential  changed  noticeably 
during  the  experiment. 

d.  Implications  Regarding  Excited  State  Decay  Routes 

The  striking  inverse  dependence  of  photocurrent  and  emission  intensity 
on  temperature  depicted  in  Figures  4-6  highlights  their  roles  as  competitive 
deactivation  processes  for  the  CdS:Te  electrode  excited  state.  While  photocurrent 
is  a  unique  probe  of  e  -h+  pair  separation,  emission  is  the  minor  product  of 
e  -h+  pair  recombination.  Nonradiative  recombination  leading  to  heat  is  the 
dominant  recombination  process;  room  temperature  emissive  efficiencies  for 
100  ppm  CdS:Te  are  at  best  only  ~1%.^'^  ® 

Our  intent  has  been  to  probe  the  manner  in  which  input  optical  energy  is 
partitioned  among  the  three  deactivation  paths  as  a  function  of  PEC  parameters. 
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In  steady  state  experiments  such  as  these ,  the  redistribution  of  energy  is 

determined  using  measures  of  quantum  efficiency ,  $  .  Our  analysis  is  necessarily 

limited  because  we  have  only  been  able  to  obtain  absolute  numbers  for  and 

relative  values  for  4>r .  We  lack  measures  of  ♦  entirely  except  insofar  as  they 

can  be  determined  by  difference,  although  photothermal  spectroscopy  has  recently 

14 

been  used  to  provide  quantitative  information  on  nonradiative  recombination. 

Despite  these  limitations,  several  important  features  do  emerge  from  the  thermal 
perturbation  studies. 

First,  the  ratio  of  $x  to  4>r  can  be  tuned  over  many  orders  of  magnitude 
by  a  combination  of  excitation  wavelength,  electrode  potential  and  temperature. 
Previous  work  established  the  relative  insensitivity  to  potential  of  $r  during 
excursions  where  4>x  was  varied  from  zero  (open  circuit)  to  ~0.1  with  514.5  nm 
excitation.1  Figures  4-6  demonstrate  for  501.7  nm  excitation  that  changes  in 
temperature  leave  4>x  relatively  constant  while  4>r  varies  by  a  factor  of  up  to 
20. 

Recasting  these  observations,  a  given  value  of  4>x  does  not  affix  unique 

values  to  4>r  and  4*^.  Besides  the  example  just  cited,  consider  Figure  6  in 

more  detail.  At  room  temperature  equivalent  4>x  can  be  achieved  with  514.5  nm 

excitation  at  +0.7  V  or  with  501.7  nm  excitation  at  —0.62  V  vs  Ag(PRE).  Yet 

the  emission  intensity,  ,  corresponding  to  these  two  conditions  is  quite 

different.  In  a  similar  vein,  a  value  of  4>x  attained  at  -0.52  V  vs  Ag(PRE)  with 

501.7  nm  excitation  at  room  temperature  can  be  matched  at  0.7  V  with  514.5  nm 

excitation  at  86°C,  each  condition  accompanied  by  a  different  4>r .  These  differences 

can  be  ascribed  to  variations  in  optical  penetration  depth,  band  bending,  and 

efficiencies  of  excited  state  deactivation  processes. 

Second,  there  is  now  additional  evidence  linking  4  with  4  /4  :  (1)  ratios 

x  ro 

exceeding  unity  for  514.5  nm  excitation  appear  only  at  elevated  temperatures  where 
4>x  has  increased  dramatically  (Figures  4b  and  6) ;  (2)  neither  4>x  nor  4^  /4>r 
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changed  appreciably  for  501.7  run  excitation  as  a  function  of  temperature  even 

though  4  and  $  both  changed  drastically  (Figures  4c  and  6) .  A  simplistic 
o 

model  correlating  4  with  4  /4  can  be  constructed  with  the  assumption  that  the 

x  rQ  r 

ratio  of  4^  to  4^  is  independent  of  potential  (band  bending).  The  ratio  4 is, 

of  course,  dependent  on  temperature  and  optical  penetration  depth.  For  the 
purposes  of  the  model,  any  recombining  e  -h+  pairs  are  subject  to  the  4 ^4 
ratio  appropriate  for  the  experimental  conditions.  Photocurrent  serves  to 
divert  e  -h+  pairs  from  recombining  by  separating  them;  at  open  circuit  it  plays 
no  role  in  the  excited  state  description.  In  passing  from  a  given  potential  to 
open  circuit,  changes  in  photocurrent  are  changes  in  4x  and  determine  how  many 
more  e  -h+  pairs  are  returned  to  recombination.  The  significant  quantity  is  the 
magnitude  of  this  change  relative  to  how  many  pairs  were  recombining  before  the 
change,  4x/(l-4x>.  This  represents  the  fractional  increase  expected 
in  4  ,  equation  (4  )  . 


Table  II  lists  typical  values  of  4  /4  and  4  derived  from  (4).  In  general, 

ro  r  x 

the  same  logic  predicts  that  4x  and  4^  at  any  two  potentials  will  be  related 
by  (5)  for  a  constant  excitation  wavelength  and  temperature. 


(5) 


While  equations  (4)  and  (5)  have  been  approximately  satisfied  by  several 
combinations  of  luminescent  electrodes,  electrolytes,  excitation  wavelengths, 
and  temperatures, 16  they  are  still  oversimplifications.  Under  certain 

conditions  a  nearly  mirror  image  relationship  between  current  and  luminescence 
curves  vs.  potential  has  been  observed  with  ZnO  photoelectrodes  and  a  derivation 
presented  to  account  for  it.  16  A  rigorous  model,  however,  will  need  to  incorporate 
the  following  features:  (1)  nonexponential  emission  lifetimes*^  ^ ;  (2)  nonlinear 
intensity  effects  on  $x  and  '6;  (3)  local  traps,  surface  imperfections ,  surface 
states,  grain  boundaries,  impurity  states,  etc...  all  of  which  can  alter  (4) 
electroabsorption  (dependence  of  absorptivity  on  potential)  which  mixes  optical  pene¬ 
tration  and  band  bending  effects^;  (5)  conditions  leading  to  humps  or  plateaus  in  the 

luminescence  portion  of  iLV  curves  -  in  these  regions  and  are  decidedly  not 
Id 

inversely  related.  Studies  designed  to  construct  a  more  realistic  model  are 
currently  in  progress. 

Experimental 

All  experiments  were  performed  with  -5x5x1  mm  plates  of  single  crystal  100  ppm 
CdS:Te  or  undoped  CdS  obtained  from  Cleveland  Crystals,  Cleveland,  Ohio.  The  -5x5  mm 
face  is  oriented  perpendicular  to  the  c-axis  and  sample  resistivities  are  -2  ft- cm. 
Crystals  were  etched  with  Br2/MeOH  (1:10  v/v)  before  use.  Electrode  and  polyselenide 
electrolyte  preparation  has  been  described  previously. 

The  basic  PEC  conf iguration,  illustrated  in  Figure  2,  was  assembled  inside  an 
Aminco-Bowman  SPF-2  Spec trophotofluorome ter  when  emission  data  were  desired;  the 
photoelectrode  was  inclined  at  -45°  to  both  the  incident  Coherent  Radiation  CR-12 
Ar  ion  laser  beam  (501.7  or  514.5  nm)  and  the  emission  detection  optics.  The  ~3  mn 
dia  beam  was  10X  expanded  and  masked  to  fill  the  electrode  surface.  A  0.03H  Na2Cr207 
solution  was  placed  in  front  of  the  detection  optics  to  filter  the  exciting  light.  In 
experiments  where  only  cur rent- voltage  data  were  obtained,  the  PEC  was  simply  set  on 
a  stir  plate  and  the  electrode  irradiated  "head-on".  The  electrochemical  instrumentation 


has  been  described  previously 


Id 


Temperatures  in  the  PEC  were  maintained  by  resistive  heating  employing  a 
nichrome  wire  and  a  Sepco  variable  transformer.  A  thermometer  accurate  to  +_  1°C 
was  calibrated  by  measuring  melting  points  of  several  solids;  adjustment  of  its 
immersion  depth  into  the  electrolyte  indicated  that  significant  thermal  gradients 
were  absent. 

Changes  in  electrolyte  absorption  over  the  thermal  excursion  were  probed 
by  single  beam  experiments  using  the  501.7  and  514.5  nm  laser  lines  and  found 
to  be  small  (  <5%  change  in  %T  in  a  1  ora  pathlength) .  Light  intensity  in  this 
and  other  experiments  was  measured  with  a  Tektronix  J16  radiometer  equipped  with 
a  J6502  probe  head. 

The  suitability  of  the  25x0.5  mm  dia  Ag  wire  as  a  PRE  was  checked  by 
measuring  its  potential  vs.  that  of  a  2. 0x0. 8  cm  Pt  foil  electrode  with  a 
high  impedance  Data  Precision  1450  multimeter.  Between  20°  and  100°C  poten¬ 
tial  only  varied  from  100  to  123  mV  and  was  stable  for  minutes  at  a  time  at 
temperatures  in  this  range.  Moreover,  i-V  curves  run  at  several  temperatures 
with  an  Ag (PRE)  or  an  SCE  were  practically  superimposable .  Energy  conversion 
efficiencies  at  all  temperatures  were  derived  using  a  two  electrode  PEC 
(semiconductor  and  Pt  counterelectrode;  reference  and  counterelectrode  leads 
from  the  potentiostat  were  shorted)  whose  i-V  curves  also  matched  those  obtained 
with  an  Ag (PRE)  or  SCE  three-electrode  PEC.  The  Pt  electrode  exhibited  good 
reversibility  for  the  polyselenide  redox  couple  over  the  entire  temperature  range. 

Curves  of  photocurrent  and  emission  intensity  (monitored  at  -600  nm)  vs. 
temperature  were  obtained  by  heating  from  20-100°C  over  a  span  of  80  minutes 
with  readings  taken -every  5°.  Reproducibility  of  the  data  upon  cooling 
was  generally  better  than  +_  10  % .  The  procedure  and  equipment  involved  in  the 
sustained  PEC  experiment  have  been  described. 
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Table  2.  Optical  to  Electrical  Energy  Conversion  Parameters 


a 


Electrode 

T,  °C 

X 

exc. 

T1 

max 

Vv<! 

*  @n 

x  max 

*  * 
x 

max 

CdS:Te 

23 

501.7 

5.6 

0.32 

0.44 

0.75 

514.5 

0.27 

0.28 

0.02 

0.04 

73 

501.7 

3.8 

0.21 

0.44 

0.74 

514.5 

1.0 

0.18 

0.14 

0.26 

CdS 

24 

501.7 

5.0 

0.27 

0.46 

0.68 

514.5 

0.21 

0.27 

0.02 

0.03 

73 

501.7 

2.5 

0.19 

0.32 

0.68 

514.5 

0.92 

0.24 

0.09 

0.20 

a 

The  indicated  crystal  served  as  the  photoanode  in  a  PEC  similar  to  that  shown 

in  Figure  2,  but  with  only  two  electrodes  (Pt  counterelectrode  and  photoanode) . 

-  2-  2- 

Electrolyte  composition  is  5M  OH  /0.3M  Se  /0.001M  Se2  .  Table  entries 
represent  typical  values, 
b 

Maximum  efficiency  for  optical  to  electrical  energy  conversion  as  defined  by 
equation  (3 ) . 
c 

Output  voltage  at  r) 

max 

d 

Quantum  efficiency  for  e  flow  at  n  (+  15%) ,  uncorrected  for  reflection  losses 

max 

and  electrolyte  absorption. 

6  • 

Maximum  quantum  efficiency  (+  15%)  for  e  flow,  measured  at  ~0.7  V  vs.  Ag(PSE), 
uncorrected  for  reflection  losses  and  electrolyte  absorption. 


Table  II.  Relationship  Between  9  and  4  /9 

o  r 


$ 

X 

9  /* 
r  r 
o 

0.001 

1.00 

0.01 

1.01 

0.05 

1.05 

0.10 

1.11 

0.20 

1.25 

0.30 

1.43 

0.40 

1.67 

0.50 

2.00 

0.60 

2.50 

0.70 

3.33 

0.80 

5.00 

0.90 

10.00 

1.00 

CO 

^Calculated  from  equation  (4) .  $x  is  the  quantum  yield  for  e-  flow  in  the  external 

circuit  (photocurrent)  and  9  /9^  is  the  ratio  of  the  emission  quantum  yield 

o 

between  open  circuit  ($  *0)  and  the  potential  where  9  was  measured. 


Figure  1.  (a)  Comparison  of  penetration  depths  for  band  gap  edge  (514.5  ran) 

and  ultraband  gap  (501.7  ran)  excitation  relative  to  the  width  of  the  depletion 


region  at  temperature  for  CdS:Te  (not  to  scale).  and  Eyg  refer  to  the  conduction 

and  valence  band  energies.  Doping  CdS  with  Te  is  believed  to  introduce  discrete 

states  at  energy  E_  .  E__  is  the  band  gap  energy  at  T, ;  (b)  at  temperature 

Te  bg  i 

T2  >  the  band  gap  is  expected  to  shrink,  E^,  <  Egg?  as  a  consequence,  the 
penetration  depth  of  514.5  ran  light  would  be  reduced;  (c)  the  expected  effect 
on  the  CdS:Te  absorption  spectrum  caused  by  an  increase  in  temperature .  Solid 
and  dashed  lines  represent  the  spectra  at  and  T^,  respectively  (curves  are  crude 
approximations  and  not  drawn  to  scale) . 

Figure  2.  Components  of  the  CdS:Te-based  variable  temperature  PEC:  (1)  n-type 
CdS : Te  photoelectrode,  site  of  polyselenide  oxidation;  (2)  thermometer; 

(3)  Pt  foil  counterelectrode,  site  of  polyselenide  reduction;  (4)  Ag  pseudoreference 
electrode  (PRE) ;  (5)  rubber  stopper,  positioned  loosely  enough  to  serve  as  a  vent, 
through  which  (l)-(4)  are  inserted;  (6)  magnetic  stir  bar;  (7)  aqueous  polyselenide 
electrolyte;  (8)  nichrome  wire  wound  outside  the  cell  for  resistive  heating; 

(9)  n2  inlet,  the  N2  passing  first  through  an  aqueous  reservoir.  Components  (1), 

(3),  and  (4)  are  connected  zo  a  potentiostat. 

Figure  3.  Uncorrected  emission  spectra  at  open  circuit  of  a  CdS:Te  electrode 
.  2-  2- 

in  5m  OH  /0.0  9M  Se  /0.001  M  Se2  electrolyte.  Temperature  and  excitation 

wavelength  employed  for  each  curve  are  identified  in  the  figure.  Although  the  curves 

have  all  been  normalized  to  the  same  intensity  at  X  ~600  nm,  the  number  above 

max 

each  curve  gives  the  actual  intensity  before  normalization.  A  filter  solution 
was  used  to  eliminate  the  exciting  light  (see  Experimental)  and  is  responsible 
for  the  deviations  from  baseline  at  the  short  wavelength  extreme. 


A 


Figure  4.  (a)  Relative  emission  intensity  monitored  at  600  nm  vs.  temperature 

-  2-  2- 

in  polyselenide  electrolyte  (5M  OH  /0.09M  Se  /0.001M  Se2  )  of  CdS:Te  excited 

at  open  circuit  with  501.7  nm  (circles)  and  514.5  nm  (squares)  light. 

The  excitation  intensity  at  501.7  nm  is  6X  that  at  514.5  nm  in  order  to  approximately 

match  emission  intensity  at  room  temperature;  (b)  relative  emission  intensity  vs. 

temperature  for  514.5  nm  excitation  of  a  CdS:Te  electrode  (different  sample  than  in 

-  2-  2- 

(a))  in  polyselenide  electrolyte  (5M  OH  /0.02M  Se  /0.001M  Se  )  at  three  potentials. 
Circles,  squares  and  triangles  correspond  to  open  circuit,  0.0  V,  and  0.7  V  vs. 
Ag(PRE),  respectively;  (c)  relative  emission  intensity  vs.  temperature  for  the 
same  electrode  and  geometric  configuration  as  in  (b) ,  but  now  excited  with  an  equivalent 
number  of  501.7  nm  photons  as  in  (b) .  The  point  "100H  on  the  emission  scale  is 
~one-fifth  the  corresponding  point  in  (b) .  The  symbols  in  (c)  have  the  same 
significance  in  terms  of  potential  as  in  (b) .  Typical  photocurrent  behavior  at 
0.7  V  accompanying  the  emission  changes  shown  in  (b)  and  (c)  is  given  in  Figure  5a. 

Figure  5.  (a)  Relative  photocurrent  vs.  temperature  for  a  CdS:Te  electrode  in 

-  2-  9- 

aqueous  polyselenide  electrolyte  (5M  OH  /0.02M  Se  /0.001M  Se2  )  excited  with 

equivalent  photons  of  514.5  nm  (filled  circles)  or  501.7  nm  (open  circles)  light 

at  0.7  V  vs  Ag(PRE) .  The  scale  is  such  that  the  photocurrent  at  25°C  from  501.7  nm 

excitation  has  been  arbitrarily  set  at  100  and  corresponds  to  a  current  density  of 
2 

~0.36  mA/cm  and  a  quantum  yield  for  electron  flow,  $x,  of  **  0.50;  (b)  relative 
photocurrent  vs.  temperature  for  an  undoped  CdS  electrode  in  the  same  electrolyte 
as  in  (a),  excited  with  an  equivalent  photon  flux  of  514.5  nm  (filled  circles)  and 
501.7  nm  (open  circles)  light.  Again,  "100”  has  been  arbitrarily  set  as  the  25 "C 

2 

photocurrent  from  501.7  nm  excitation  and  represents  a  current  density  of  ~0.44  mA/cm 
and  a  *x  of  ~0.60. 


Figure  6.  Current- luminescence-voltage  curves  (iLV)  for  a  CdSsTe  electrode  in 

polyselenide  electrolyte.  Unprimed,  solid  line  curves  are  photocurrent  (left  hand 

scale)  and  primed,  dotted  line  curves  are  luminescence  intensity  (right  hand 

scale)  monitored  at  A  ,  -600  run.  A  and  A'  were  obtained  from  excitation  at 

max 

501.7  nm,  23°C;  B  and  B'  from  514.5  nm,  23°C;  C  and  C'  from  501.7  nm,  49°C; 

D  and  D*  from  514.5  nm  and  86°C.  Note  that  the  ordinate  of  D*  has  been  expanded 

by  a  factor  of  10.  Equivalent  numbers  of  501.7  and  514.5  nm  photons  were  used 

in  identical  PEC  geometric  configurations.  The  exposed  electrode  area  is 
2 

-0.41  cm  and  the  estimated  value  of  $x  for  501 . 7  nm  excitation  at  23 °C  and 
0.7  V  vs.  Ag (PEE)  is  -  0.50,  uncorrected  for  reflection  losses  and  solution 
absorbance . 
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